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Aberrant activation of the hypoxia inducible factor (HIF) pathway is the underlying cause of retinal neo-
vascularization, one of the most common causes of blindness worldwide. The HIF pathway also plays crit-
ical roles during tumor angiogenesis and cancer stem cell transformation. We have recently shown that
honokiol is a potent inhibitor of the HIF pathway in a number of cancer and retinal pigment epithelial cell
lines. Here we evaluate the safety and efficacy of honokiol, digoxin, and doxorubicin, three recently iden-
tified HIF inhibitors from natural sources. Our studies show that honokiol has a better safety to efficacy
profile as a HIF inhibitor than digoxin and doxorubicin. Further, we show for the first time that daily
intraperitoneal injection of honokiol starting at postnatal day (P) 12 in an oxygen-induced retinopathy
(OIR) mouse model significantly reduced retinal neovascularization at P17. Administration of honokiol
also prevents the oxygen-induced central retinal vaso-obliteration, characteristic feature of the OIR
model. Additionally, honokiol enhanced physiological revascularization of the retinal vascular plexuses.
Since honokiol suppresses multiple pathways activated by HIF, in addition to the VEGF signaling, it may
provide advantages over current treatments utilizing specific VEGF antagonists for ocular neovascular
diseases and cancers.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Retinal neovascular diseases such as diabetic retinopathy, reti-
nal vein occlusions, and retinopathy of prematurity develop due
to diverse predicaments damaging retinal blood vessels. In the case
of diabetic retinopathy, the underlying cause is hyperglycemia; in
retinal vein occlusions, obstruction of vascular flow increases
hydrostatic pressure and subsequently reduces perfusion; and in
retinopathy of prematurity, exposure to high levels of oxygen at
a particular stage of retinal vascular development. These primary
insults damage retinal vessels, generating poorly perfused areas
with retinal ischemia. Therefore, these diseases are collectively
also referred to as ischemic retinopathies. Ocular ischemia is also
observed during neovascular age-related macular degeneration
and glaucoma. Irrespective of the different underlying reasons for
ischemic retinopathies, they all ultimately lead to retinal hypoxia
[1]. Hypoxia allows translocation of HIF-a subunit to the nucleus,
its dimerization with the HIF-1b/ARNT subunit, and recruitment
of other transcriptional co-activators. An active HIF-a/b heterodi-
meric transcription factor then binds to the hypoxia-response-ele-
ment (HRE) present in the promoters of hypoxia response genes
causing overexpression of vascular endothelial growth factor
(VEGF) and other pro-angiogenic factors. The pathological neovas-
cularization initiated by these pro-angiogenic factors lack tight
junctions and hence leak plasma into surrounding tissues causing
retinal detachment and severe vision loss.

A number of antiangiogenic therapies targeting VEGF (e.g. Rani-
bizumab, Pegaptanib, Aflibercept, Bevacizumab, etc.) have been ap-
proved for the treatment of neovascular diseases of eye and cancer
[2]. Although specific VEGF antagonists have revolutionized the
treatment of these diseases [3–6], a major improvement in the vi-
sion is observed in approximately half of the patients with age-re-
lated macular degeneration [5,6]. Further, all anti-VEGF treatments
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require repeated injections of VEGF antagonists at a high cost, and
yet, only offer temporary respite from vascular leakage resulting in
partial clinical success. This lack of efficacy of anti-VEGF therapy in
this process is possibly due to implication of the HIF pathway-
mediated expression of other pro-angiogenic factors like
platelet-derived growth factor-B, stromal cell-derived factor 1,
erythropoietin, etc. [7]. The relative inefficiency of anti-VEGF ther-
apy may also be due to temporal nature of the angiogenic process.
Thus, possible future approaches to successfully control patholog-
ical neovascularization may rely on blocking some master modula-
tor, such as the HIF pathway.

Thus characterization of novel HIF inhibitors can have consider-
able therapeutic impact on pathological neovascularization in
ischemic diseases and cancers [8,9]. Recent screening of com-
pounds that are in clinical practice identified cardiac glycosides
(e.g. digoxin, proscillaridin A, and ouabain) and anthracyclines
(e.g. doxorubicin and daunorubicin) as potent HIF inhibitors
[10,11]. Since activation of the HIF pathway is the underlying cause
of ocular neovascularization, both digoxin and doxorubicin are
examined for the treatment of ischemic ocular retinopathies
[12,13]. We have recently shown that honokiol, a biphenolic phy-
tochemical extracted from the Magnolia genus, is also a potent
inhibitor of the HIF pathway [14]. Here we evaluate the toxicity
and efficacy of digoxin, doxorubicin, and honokiol as HIF inhibitors
in retinal pigment epithelial cell lines. Further, we show for the
first time that administration of honokiol reduces retinal neovas-
cularization in the OIR mouse model. Honokiol also prevents the
oxygen-induced central retinal vaso-obliteration, the characteristic
feature of the OIR model.
2. Materials and methods

2.1. Cell culture and exposure of cells to hypoxia

Human retinal pigment epithelial cell lines (D407 and ARPE19)
were used to evaluate the efficacy of digoxin, doxorubicin, and
honokiol. The D407 and ARPE19 cells were cultured as previously
reported [14,15]. All the drugs used in this study were prepared
in DMSO. The inhibition studies were performed by adding 1 lM
of digoxin or 1 lM of doxorubicin or 20 lM of honokiol to the cells.
In the control samples 0.1% of DMSO, corresponding to the DMSO
concentration in the cells treated with highest inhibitor concentra-
tion, was added. Cells were exposed to hypoxic condition in a bac-
tron anaerobic chamber as previously reported [14,15]. Cell lysis
for RNA extraction was performed after exposure to hypoxia for
12 h in the hypoxic chamber to avoid any exposure of cells to
normoxic conditions.

2.2. RNA extraction from cells and quantitative real-time PCR analysis

RNA was extracted from cells and the quantitative real-time
PCR (qPCR) reactions were performed as described in our earlier
publications [14,15]. The qPCR reactions were performed in biolog-
ical and experimental duplicates. Ribosomal protein L32 was uti-
lized as an internal control to normalize the sample to obtain
DCt value. 2�DDCt method was used to analyze the relative gene
expression levels.

2.3. Cell viability assay

Cell viability assay was performed to determine the IC50 value
of each HIF inhibitor. Briefly, for these experiments, 10,000 cells/
well were plated into 96-well plates and exposed to varying con-
centrations (six replicates at each concentration) of HIF inhibitors
for 24 h. Following this, the number of viable cells was calculated
using the Premixed WST-1 Cell Proliferation Reagent according to
the manufacturer’s protocol (Clontech, Mountain View, CA). This
kit provides a method to measure cell proliferation based on the
enzymatic cleavage of the tetrazolium salt (WST-1) to a water-sol-
uble formazan dye, which was detected by absorbance at 450 nm
using a micro titer plate reader (Analyst GT, Molecular Devices,
Sunnyvale, CA). The amount of formazan formed is directly propor-
tional to the number of viable cells. The IC50 values of the three
compounds were calculated using the GraphPad Prism software.

2.4. Mouse model of oxygen-induced retinopathy

C57BL/6J mice, purchased from Jackson Laboratories (Bar Har-
bor, ME), were used for these experiments. All experimental proce-
dures were approved by the University of Kansas Medical Center
Institutional Animal Care and Use Committee. All mice were kept
in a 12 h light–dark cycle at ambient room temperature (i.e. 19–
22 �C). Mice were maintained on a standard diet for breeding
(8626 rodent diet; Harlan Laboratories, Indianapolis, IN), with
chow and water available ad libitum. For the OIR model, the new-
born pups at post-natal day 7 (P7) along with their mother were
transferred to a chamber supplied with 75 ± 2% oxygen as de-
scribed [16], under continual monitoring with a ProOx 110 oxygen
controller (Biospherix, Ltd., Lacona, NY) for 120 h. On P12, the mice
were returned to the room air, and were given daily intraperitoneal
(IP) injection of vehicle (12.5% polyethylene glycol 400 in 1 � PBS)
or 10–20 mg/kg of honokiol dissolved in the vehicle.

2.5. Whole mount fluorescent staining

Mice were anesthetized on P17 by IP injection of ketamine (1%),
xylazine (0.1%), and sodium chloride (0.9%) in a concentration of
0.1 mL/10 g mouse body weight. After induction of deep anesthe-
sia, eyes were carefully harvested and fixed in 4% paraformalde-
hyde for 24 h at 4 �C. A microscope was used to dissect the
cornea with a circumferential limbal incision, followed by removal
of the lens, vitreous, and neural retina. Retinal cups were perme-
abilized overnight in 0.5% Triton X-100 and 1% BSA in 1 � PBS.
After washing, retinae were incubated in 10 lg/mL isolectin GS-
IB4, Alexa Flour 563 conjugate (Life Technologies, Grand Island,
NY) in 1 mM CaCl2, 2 mM NaN3, 1 � PBS overnight at room temper-
ature according to established protocols [17]. After final washes
with 1 � PBS, retinae were flat mounted in an anti-fade medium
(Southern Biotech, Birmingham, AL).

2.6. Quantification of retinal neovascularization

Fluorescent images of the stained retinae were taken at
4 �magnification using a Nikon Eclipse 80i fluorescent microscope
and Nikon Elements software (Nikon, Tokyo, Japan). Adobe Photo-
shop CS6 software was used to photo-merge images (3–5 images/
retina) prior to analysis. Retinal neovascularization and vaso-oblit-
eration were quantified as reported earlier [17,18]. Both neovascu-
larization and vaso-obliteration are represented as % of total retinal
area. Vaso-obliteration was manually measured using ImageJ soft-
ware (http://rsbweb.nih.gov/ij/). The total retinal area and vaso-
obliteration quantifications were obtained using Adobe Photoshop
CS6. Neovascularization was quantified using a semi-automated
computer program SWIFT_NV [18], which is a set of macros run
on NIH’s image J software. SWIFT_NV has a pixel cut-off value spe-
cific for each retina, based on the total retinal area, which excludes
small vessel branch points from neovascularization quantification.
SWIFT_NV divides the retinal image into four quadrants. During
the neovascularization quantification of each quadrant, artifacts
like hyper fluorescent retinal ends, hyaloid vasculature, and cellu-
lar debris were excluded from the analysis. Further, a threshold

http://rsbweb.nih.gov/ij/


D.T. Vavilala et al. / Biochemical and Biophysical Research Communications 438 (2013) 697–702 699
was set to highlight the neovascular tufts while excluding normal
vasculature from the quantification. SWIFT_NV finally generated a
stitched image highlighting the neovascular tufts on the original
retinal image and gave the neovascularization area. The data is rep-
resented as means ± S.E. Students’ t-test was performed to evaluate
the strength of significance. P-values less than 0.05 were consid-
ered as significant.
3. Results and discussions

3.1. Evaluation of IC50 values of HIF inhibitors

HIF pathway plays a critical role in the pathobiology of a num-
ber of oxygen-dependent retinal diseases such as ocular hemangi-
oblastoma, diabetic retinopathy, retinal vein occlusions, glaucoma,
age-related macular degeneration, and retinopathy of prematurity
[1]. We have shown in our earlier studies that honokiol, a phyto-
chemical isolated from the Magnolia species, is a potent HIF inhib-
itor [19]. Recent studies have demonstrated that a number of
therapeutic agents like digoxin and doxorubicin are also HIF inhib-
itors [11,20–22]. Therefore, initially we compared the toxicity and
efficacy of digoxin, doxorubicin, and honokiol as HIF inhibitors.

Since retinal pigment epithelial cells are one of the major cell
constituents and secretors of VEGF in the retina [23], two human
retinal pigment epithelial cell lines (D407 and ARPE19) were se-
lected to determine the IC50 values of compounds [24,25]. For these
viability studies, cells were exposed to varying concentrations of
the drugs (0.48 nM to 30 lM for digoxin and doxorubicin; 10–
800 lM for honokiol) for 24 h. The number of viable cells was cal-
culated using the Premixed WST-1 Cell Proliferation Reagent as de-
scribed in the materials and methods. Digoxin showed IC50 value of
285.40 nM (Fig. 1A), doxorubicin showed IC50 value of 402.90 nM
(Fig. 1B), while in the case of honokiol the IC50 value was
187.40 lM for ARPE19 cells (Fig. 1C). Similar results were also ob-
tained for D407 cell line (data not shown). These results suggest
that honokiol is far less toxic compound compared to digoxin
and doxorubicin for human retinal pigment epithelial cells, and
can be used at higher concentrations than digoxin and doxorubicin.
Our results corroborate well with the use of honokiol as a neuro-
protective agent [26].
Fig. 1. Determination of IC50 values for HIF inhibitors. ARPE19 cells were treated
with varying concentrations of drugs (0.48 nM-30 lM of digoxin or doxorubicin,
10–800 lM of honokiol) for 24 h. The number of viable cells was calorimetrically
calculated using the Premixed WST-1 Cell Proliferation Reagent by detecting the
amount of formazan formed at 450 nm. Plotting the absorbance at 450 nm vs. log10

value of drug concentrations yielded the IC50 of 285.40 nM, 402.90 nM, and
187.40 lM for digoxin (A), doxorubicin (B), and honokiol (C), respectively.
3.2. Transcription inhibition of direct HIF targets by digoxin,
doxorubicin, and honokiol

To evaluate the efficacy of digoxin, doxorubicin, and honokiol as
HIF inhibitors, we evaluated the transcription of a number of direct
HIF-dependent genes under hypoxic conditions in the presence
and absence of drugs. Based on the IC50 values and the data from
earlier studies [11,20], 1 lM of digoxin and doxorubicin and
20 lM of honokiol were used to perform the comparative inhibi-
tion studies. ARPE19 cells were treated with the HIF inhibitors
for 12 h at �70% confluency under hypoxia. The RNA extraction,
cDNA synthesis, and qPCR analysis were performed as described
in the materials and methods section. Since we have shown the
induction of a number of direct HIF targets (e.g. JMJD1A, JMJD2B,
JMJD2C, JARID1B, VEGF, and GLUT1) under hypoxic conditions using
human retinal pigment epithelial cell lines [14,15], we focused on
the transcription levels of these genes for comparative studies.
Consistent with our previous studies, following exposure to hypox-
ia, we observed strong induction of all the selected direct HIF tar-
gets (e.g. JMJD1A (2.4-fold), JMJD2B (3.1-fold), JMJD2C (1.5-fold),
JARID1B (1.6-fold), VEGF (3.8-fold), and GLUT1 (3.7-fold)) under hy-
poxia relative to normoxic conditions in ARPE19 cells (Fig. S1).

However, cells treated with 1 lM of digoxin and doxorubicin,
which is �3 times their IC50 values, showed significant inhibition
of hypoxic induction of all the selected HIF targets (e.g. for digoxin
JMJD1A (0.4-fold), JMJD2B (1.0-fold), JMJD2C (1.0-fold), JARID1B
(1.1-fold), VEGF (0.7-fold), and GLUT1 (0.4-fold); while for doxoru-
bicin JMJD1A (0.3-fold), JMJD2B (0.6-fold), JMJD2C (0.3-fold), JAR-
ID1B (0.7-fold), VEGF (0.3-fold), and GLUT1 (0.3-fold)) under drug
treated hypoxic conditions relative to untreated hypoxic condi-
tions in ARPE19 cells (Fig. S1). At the same time, treatment of cells
with 20 lM honokiol, which is �1/9th of the IC50 value for ARPE19
cells, showed significant inhibition of transcription of selected HIF
targets (e.g. JMJD1A (0.2-fold), JMJD2B (0.6-fold), JMJD2C (0.4-fold),
JARID1B (0.5-fold), VEGF (0.2-fold), and GLUT1 (0.2-fold)) in ARPE19
cells (Fig. S1). Although treatment with all three compounds re-
sulted in lowering the transcription levels of selected HIF targets,
bringing them back to or below their normoxic levels, it is
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interesting to note that honokiol showed better efficacy as HIF
inhibitor (note that honokiol was used at �1/9th of the IC50 value
for ARPE19 cells, while digoxin and doxorubicin were used at �3
times higher concentrations than their IC50 values). Similar results
with respect to transcription inhibition of HIF targets were ob-
served at as low as 5 lM concentration of honokiol [14]. These re-
sults suggest that honokiol has a better safety to efficacy profile as
a HIF inhibitor, compared to digoxin and doxorubicin, and can be
used for the treatment of various ischemic ocular diseases.

3.3. Honokiol inhibits pathological retinal neovascular tuft formation
in oxygen-induced retinopathy mouse model

Considering both digoxin and doxorubicin have been examined
for the treatment of ischemic ocular retinopathies [12,13], we eval-
uated the efficacy of honokiol as a treatment option for these dis-
eases in the OIR mouse model (Fig. 2). This model has been
extensively used to study the regulation of angiogenic factors, vas-
cular pathogenesis, and the efficacy of antiangiogenic compounds
[12,27]. In this model, the P7 mouse pups are placed in 75% oxygen
for 5 days. Exposure of 7 day old pups to high levels of oxygen
inhibits retinal vessel growth and causes significant oxygen-in-
duced central retinal vessel loss (i.e. vaso-obliteration). At P12,
the mice are returned to room air and the non-perfused central ret-
ina becomes relatively hypoxic. This activates the HIF pathway and
pathological neovascularization, which is maximal at P17 [17].

For our experiments, mouse pups were divided into three sep-
arate groups; group 1: vehicle-treated hyperoxia-exposed mice
(sham-treated positive control), group 2: 10 mg/kg honokiol-trea-
ted hyperoxia-exposed mice (drug-treated), and group 3: 20 mg/
kg honokiol-treated hyperoxia-exposed mice (drug-treated). Mice
from all groups that had undergone the OIR procedure, were re-
turned to room air on P12 and vehicle or 10–20 mg/kg of honokiol
dissolved in vehicle was injected daily (from P12 to P16) by IP
route (Fig. 2). The extent of neovascularization at P17 was mea-
sured on retinal flat mounts using a computer-aided program as
described in the materials and methods and Fig. S2.

In total, 55 retinae from 35 P17 mice were analyzed for patho-
logical retinal neovascular tuft formation. Note that some retinae
were damaged during the processing, and therefore, were not in-
cluded in the analysis. Further, the mice that weighed less than
6 g on P17 were also excluded from the analysis according to a pre-
vious publication [17]. The retinae from vehicle-treated mice
(group 1) demonstrated that 4.38 ± 0.95% of the total retinal area
was covered by neovascular tufts (Table 1 and, Fig. 3B). The neo-
vascular tufts were evident by the thickening of the blood vessels
and heightened staining of the vasculature with the fluorescent
dye. However, fluorescent imaging studies of retinae from P17
mice from groups 2 and 3 demonstrated that daily IP injection of
Fig. 2. Schematic representation of experimental conditions used to evaluate the efficac
and 12, and then returned to room air between P12 and 17. This results in central vaso-ob
neovascular tufts. Daily IP injections of vehicle or 10–20 mg/kg of honokiol dissolved in ve
enucleated. Following fixation and fluorescent staining, retinae were flat mounted for im
10–20 mg/kg of honokiol starting on P12 significantly (�35%) re-
duced neovascular tufts, the clinical manifestations of the retinal
neovascular response (Fig. 3C–D). Interestingly, we did not observe
a difference (2.73 ± 0.65% with 10 mg/kg of honokiol vs.
2.71 ± 0.62% with 20 mg/kg of honokiol) in the neovascular tufts
formation in mice treated with 10 or 20 mg/kg of honokiol, sug-
gesting that saturation of therapeutic concentration of honokiol
in the retina was reached at 10 mg/kg OIR mice. Initial experiments
with 0.2 and 2 mg/kg of honokiol did not have a significant effect
on neovascularization in OIR mice (data not shown). Students’ t-
test was performed between the vehicle-treated and honokiol-
treated groups which gave a p-value of <0.01, suggesting that our
results are statistically highly significant. Further, since no report
with toxicity studies of honokiol in very young mouse pups was
found in the literature, we monitored the weight of pups daily from
P12 to P17. To this end, no weight difference was noted between
the vehicle-treated or honokiol-treated groups (data not shown),
and the P17 mice appeared normal with similar sizes (Fig. S3).

3.4. Honokiol promotes physiological revascularization in oxygen-
induced retinopathy mouse model

To assess the vascular repair and physiological revasculariza-
tion mechanisms after hyperoxia-induced vaso-obliteration, the
avascular areas were quantified. Avascular areas appear as dark re-
gions that were not perfused by fluorescent dye. The vehicle-trea-
ted ischemic retinae from group 1 mice exhibited large avascular
areas (Fig. 3C). However, the vaso-obliterated areas in honokiol-
treated retinae from groups 2 and 3 were reduced by ~10–25%,
compared with the vehicle-treated ischemic retinae from group 1
on P17 (Fig. 3F and I). Students’ t-test comparing vehicle-treated
mice to honokiol-treated mice found p < 0.02 confirming the signif-
icance of our results. Moreover, since the vascular morphology of
honokiol treated retinae appears more normal than the vehicle-
treated ischemic retinae (Fig. 3), we conclude that daily IP injec-
tions of honokiol promoted vascular repair and physiological
revascularization. Taken together, these results demonstrate that
honokiol is an effective therapeutic agent for the treatment of
ischemic ocular neovascularization.

Neovascularization in the eye is one of the major causes of
blindness in people of all ages (WHO, 2011). Worldwide, 2.5 mil-
lion people experience vision loss due to diabetic retinopathy,
whereas the age-related macular degeneration affects 25–30 mil-
lion people. Other neovascular ocular diseases such as retinopathy
of prematurity and retinal vascular occlusions are less prevalent
but extremely debilitating with retinopathy of prematurity repre-
senting the major cause of blindness in children. Extensive studies
have identified promising anti-VEGF agents to treat these debilitat-
ing diseases. However, a major improvement in the vision is
y of honokiol in the OIR mouse model. Mice were placed in 75% oxygen between P7
literation and retinal ischemia, initiating the pathologic growth of blood vessels and
hicle were administered from P12 to 16. On P17, mice were sacrificed and eyes were
aging studies.



Table 1
Table showing neovascular tufts and avascular areas in the mice retinae from groups 1–3.

Neovascular tufts (of total retinal
area) ± S.E.

Avascular area (of total retinal
area) ± S.E.

Group 1: sham-treated positive control, vehicle-treated hyperoxia-exposed mice 4.38 ± 0.95% 22.16 ± 1.25%
Group 2: low dose drug-treated, i.e. 10 mg/kg honokiol-treated hyperoxia-

exposed mice
2.73 ± 0.65% 19.53 ± 1.33%

Group 3: high dose drug-treated, i.e. 20 mg/kg honokiol-treated hyperoxia-
exposed mice

2.71 ± 0.62% 16.72 ± 1.21%

Fig. 3. Fluorescent imaging of the retinal flat mounts showing blood vasculature (left column), neovascular tufts (middle column), and avascular areas (right column), from
group 1, i.e. sham-treated hyperoxia-exposed mice (A–C), group 2, i.e. 10 mg/kg honokiol-treated hyperoxia-exposed mice (D–F), and group 3, i.e. 20 mg/kg honokiol-treated
hyperoxia-exposed mice (G–I).
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observed in approximately half of the patients with age-related
macular degeneration receiving Ranibizumab [5,6]. Further, anti-
VEGF therapies only offer temporary respite from vascular leakage
at a very high cost. It is because of these factors that there remains
an unmet medical need to develop a more cost-effective small mol-
ecule drug with new mechanism of action which could inhibit
pathological neovascularization in patients with ocular diseases
and cancers.

In the present study, we show that honokiol inhibits the HIF
pathway-mediated expression of pro-angiogenic genes, including
VEGF. Honokiol has a better safety to efficacy profile as HIF
inhibitor than digoxin and doxorubicin. We also show for the
first time that daily IP injection of honokiol at P12 in an OIR
mouse model significantly inhibits pathological retinal neovascu-
lar tuft formation at P17. Administration of honokiol prevents
the oxygen-induced central retinal vaso-obliteration, and pro-
motes vascular recovery in the ischemic retina. Finally, our re-
sults demonstrate that honokiol, which in its crude form has
been used for thousands of years in the traditional Japanese
and Chinese medicine for other conditions, can also be used to
inhibit pathological neovascularization in patients with ocular
diseases.
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